The direction of Café Wall illusion was measured for ordinary Café Wall Wgures comprised of blocks with a square wave proWle and for those with a missing fundamental (MF) proWle. For the MF version, it was found that the illusion direction alternates according to the patterns' main component frequency when the shift between adjacent rows was systematically varied. The direction of illusion for the MF version was opposite to that for the original version when the phase shifts of adjacent rows were between 60 and 120 degrees of the original grating. The results indicate that the illusion depends on the physical component rather than the appearance of the pattern. The possibility of the Café Wall illusion being mediated by low-level luminance mechanisms each tuned to a diVerent spatial frequency is discussed based on the results.
Introduction
The Café Wall illusion is a well-known illusion of orientation that is induced by displaced rows of squares (Fig. 1) . The gray lines between the rows, called mortar lines (Gregory & Heard, 1979) , are physically parallel. However, they are perceived to be tilted. The perceived orientation of mortar lines in the Café Wall illusion is aVected by the amount of oVset between adjacent rows. The illusion is strongest when the oVset size is half the width of each square, and no illusion is observed when the vertical edges of squares are aligned (Moulden & Renshaw, 1979) .
Two types of explanation have been proposed for this illusion. One focuses on the spatial Wltering mechanism in the early visual system. Such spatial Wltering produces and adds distortion components similar to Fraser's twisted cords (Fraser, 1908) to the input. These distortion components then excite local orientation detectors and bring about the illusion (Earle & Maskell, 1993; Lulich & Stevens, 1989; Morgan & Moulden, 1986) .
The second type of explanation is perceptual or phenomenological, which goes back to Pierce's (1898) explanation for underestimations of dark corners based on irradiation. The idea was revived by Moulden and Renshaw (1979) , who named the eVect a corner eVect. They proposed an explanation for the Münsterberg illusion, or the Café Wall illusion, by using this concept. They argue that the right angle at each corner of a dark block is underestimated and this underestimation results in the tilt illusion. Kitaoka (1998) found that the contraction of corner angles occurs in light as well as dark corners and argued that this generalized corner eVect (acute corner eVect) explains the Café Wall illusion very well. Kitaoka proceeded further and presented a wide variety of illusions based on the same principle to show the power of his perceptual approach (see also Kitaoka, Pinna, & BrelstaV, 2004) . These accounts are based on corners or shapes instead of local luminance alone, and could be classiWed as higher-level accounts.
However, since they only look at the relationship between stimulus characteristics and Wnal perception and do not consider underlying mechanisms, they might prove equivalent to Wltering models when they are broken down to lowlevel mechanisms.
Illusions, however, especially those with strong eVects such as the Café Wall illusion, could result from a combination of eVects from more than one underlying mechanism. Therefore, it is necessary to test a hypothesis with various diVerent stimuli even when a model seems powerful as in the case of the Wltering model for the Café Wall illusion.
In this study, we provide such a test with a new type of Café Wall Wgure that enables us to examine the relative contribution of perceptual appearance and low-level mechanical processing. We used two types of stimuli. One is the classical Café Wall Wgure that consists of blocks with a square-wave (SQ) proWle. The other is a new type that consists of missing-fundamental (MF) gratings. An MF grating is derived from an SQ grating by subtracting the fundamental sinusoidal component (Fig. 1) . Thus, MF gratings have a diVerent Fourier spectrum from SQ gratings, but at adequately low contrasts, they appear exactly the same as SQ gratings (Georgeson & Harris, 1990) .
Therefore, the behavior of the Café Wall illusion should be quite diVerent between the two Wgures if the illusion is mediated solely by low-level mechanisms that process Fourier components individually. The fundamental frequency component of the original square wave grating exists in SQ Wgures, and it has the lowest spatial frequency and the highest contrast (we will refer to the component that has these two characteristics as the main component), whereas this component is missing from MF Wgures and the main component here is the third harmonic (3f) component of the original square-wave. On the other hand, if the illusion depends on perceptual appearance, both SQ and MF Wgures should induce similar illusions, and the eVect of phase shift manipulation should be the same between the two patterns, since perceptually, both have the same pattern repetition rate (pattern spatial frequency). Fig. 1 . The Café Wall illusion, luminance proWles for SQ and MF gratings and the actual stimuli. For both Wgures, the gray lines between the square-wave gratings are physically parallel, but they appear to converge leftward (a) and rightward (b). The MF grating (c) is generated by subtracting the fundamental frequency component from a square-wave grating (d). SQ and MF stimuli with three typical shift values are shown. If the illusion is based on Fourier components, an MF Wgure with a 60° shift (e) should induce no illusion, and the direction of illusion for (f) should be opposite to that for (i). For (g), it should be the same as that for (j). (To emphasize the diVerence between the two types, the luminance contrast of these Wgures is made much higher than the actual stimuli used in the experiment. The Wgures appear quite similar with lower contrasts (Georgeson & Harris, 1990) .)
Experiment
We examined whether the direction change of illusion with SQ and MF Wgures follow diVerent patterns. If phase diVerence between main components in adjacent rows (phase shift), not pattern spatial frequencies, decides the direction of illusion, it is expected that the cycle length of tilt alternation should be three times shorter for MF Wgures than that for SQ Wgures.
Method

Apparatus
The stimulus was presented on an EIZO color monitor controlled by a Power Macintosh G3 computer. The frame rate of the CRT was 75 Hz. The luminance level of the monitor was gamma corrected. Participants viewed the stimulus binocularly using a chin rest in a dark room. The viewing distance was 57 cm.
Stimuli and procedure
The stimulus was comprised of three gratings and two mortars, which were stacked alternately (Fig. 1) . Two types of stimuli, SQ and MF, which extended 10.2° (H) £ 7.45°( V), were used. For both, the amount of phase shift was varied between 15° and 165° in 11 steps (15°/step). Fig. 1 shows examples of the stimuli. For the SQ stimuli, the bright square was 63.5 cd/m 2 and the dark square was 46.5 cd/m 2 . For the MF stimuli, the positive peak luminance was 63.5 cd/m 2 and the negative peak luminance was 46.5 cd/m 2 . The luminance for the background and the mortar was 55.5 cd/m 2 . Thus, the luminance contrast of the stimulus was 0.15. The pattern spatial frequency was 0.2 c/d for both types. The mortar width was 0.05°. This is an adequate width to induce normal Café Wall illusion (Gregory & Heard, 1979; Lulich & Stevens, 1989) . The stimulus was presented for 200 ms in each trial.
The participants were asked to judge which end of the second grating, right or left, appeared wider with a 2-AFC method. The experiment was conducted in four sessions. The number of trials in each block was 330 or 220, and within a block, each of the 22 conditions (11 phase shift values £ 2 grating types) was repeated 15 times or 10 times in a randomized order.
Participants
Seven university students participated in this experiment. All had normal or corrected to normal vision, and they all were unaware of the purpose of the experiment.
Results and discussion
The percentage of trials where normal Café Wall illusion was perceived for each type of stimulus is plotted as a function of phase shift in Fig. 2 . For the SQ stimuli, normal Café Wall illusion was observed at almost all the shift values except for 165°. The phase shift had little eVect on the direction of illusion within the range of shifts of this experiment. In contrast, the direction of illusion was reversed twice at the vicinities of 60° and 120° for the MF stimuli. These results indicate that the illusion with MF gratings is determined by the 3f component. For example, when the phase shift relative to pattern spatial frequency is 90°, the phase shift for the main (3f) component of the MF grating is 270° ( D 90 £ 3), which is equivalent to a 90° shift in the opposite direction.
Thus, the present results reveal that directions of illusion for MF stimuli do not follow the prediction based on pattern appearance. Instead, the shift relative to the main Fourier component of a grating accounts for the direction of illusion for both SQ and MF stimuli. From these results, we conclude that the Café Wall illusion arises from, and that perceptual models such as Kitaoka's (1998) should be accounted for, by low-level Wltering type mechanisms.
The present results indicate the importance of components other than the main component in determining tilt direction. If only the main component counts, the MF stimuli are expected to produce no illusion at 60° and 120°, but reversed illusions were observed at these shifts. This is accounted for by contributions of the 5th harmonic. The 5f component is the second strongest Fourier component of an MF grating. For the 5f component, the nominal shift of 60° and 120° corresponds to 300°( D 1 cycle -60°) and 600° ( D 2 cycles -120°), and both shifts are supposed to induce reversed illusion. Given these results, in an additional experiment we manipulated the amplitude of the fundamental component of a square-wave Café Wall Wgure, and found a reversal of illusion when the amplitude of the fundamental was adequately reduced, but not to zero. This also suggests that Fig. 2 . Results. The mean "normal" rate from seven observers is plotted as a function of the amount of phase shift. The shift angle had no eVect on the direction of illusion for SQ stimuli, but for MF stimuli, the direction of illusion alternated every 60°.
each spatial frequency component of the grating has independent eVects and that the Wnal illusion is produced by integrating such individual eVects.
In relation to past Wltering studies (Earle & Maskell, 1993; Lulich & Stevens, 1989; Morgan & Moulden, 1986) , the present results imply a close relationship between the generation of twisted cord, or local tilt signal, and the frequency content of gratings comprising Café Wall Wgures. We actually conWrmed this relationship by computer simulations similar to that conducted by Morgan and Moulden (1986) . The results are shown in Fig. 3 .
The present results also indicate that the additive summation of illusion strength induced by each frequency component of gratings correlates well to the perceived strength of illusion. All simulations in the past studies mentioned above applied very small Wlters to raw unWltered images, and this seems the only way to obtain local tilt signals. What is implied, therefore is that such processing occurs before the input is broken down into multiple spatial frequency representations. However, the additivity/separability of illusion eVect among diVerent resolutions found in the present study suggests that the image information can be broken into separate resolutions before extracting twisted cords. Fig. 3 . Relation between the direction of illusion and 'twisted cords'. The left panels show the stimuli used in our experiment in which the phase shift is varied from 30 deg to 150 deg. The right panels show band-pass Wltered versions of each stimulus that were obtained by convoluting the image on the left with a 3 £ 3 Laplacian mask illustrated in the inset (white pixels in the mask have weights of ¡1 and the shaded pixel has a weight of 8).
